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Abstract 
The aim of this study was to investigate and compare the changes in surface plasmon reso-
nance (SPR) of silver (Ag) hydrosol and organosols obtained by experimental and theore-
tical approaches. Silver nanoparticles (Ag NPs) of 5±1.5 nm in diameter were prepared in 
water by reduction of silver nitrate with sodium borohydride. Nanoparticles were subse-
quently transferred into different organic solvents (chloroform, hexane, toluene, 1,2-di-
chlorobenzene) using oleylamine as a transfer agent. These solvents were chosen because
of the differences in their refractive indices. Using UV–Vis absorption spectrophotometry 
and transmission electron microscopy (TEM), we confirmed that there were no shape and
size changes of the nanoparticles upon the transfer to the organic phase. The absorption
spectra of the obtained Ag organosols showed changes only in the position of the SPR
band depending on the dielectric property of the used solvent. To analyze these changes,
absorption spectra were modelled using Mie theory for small spherical particles. The ex-
perimental and theoretical resonance values were compared with those predicted by the
Drude model and its limitations in the analysis of absorption behavior of Ag NPs in organic
solvents were briefly discussed. 
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The investigation of the specific features of metal 
nanoparticles have been the subject of the numerous 
studies for a long time, due to their unique electronic, 
optical, chemical and magnetic properties, that are 
different from those of the individual atoms as well as 
from their bulk counterparts [1–5]. Nanoparticles com-
posed of noble metals such as Au and Ag exhibit strong 
absorption of electromagnetic radiation in the visible 
region, which is often referred to as a surface plasmon 
resonance (SPR) property. Such resonance occurs when 
the frequency of the incident light is resonant with the 
collective oscillation of the conduction band electrons 
of metal nanoparticles. The position and width of the 
SPR band of metal colloids are strongly influenced by 
the size, shape and the environment of the particles, 
and deeper understanding of these effects is necessary 
for understanding the optical properties of these sys-
tems [6–8]. It is well known that Mie, in 1908, was the 
first to develop the theory of absorption and scattering 
of light by spherical particles [9]. The calculations of 
absorption spectra of metallic nanoparticles clearly re-
flect the well-known dependence of nanoparticle opti-
cal properties, i.e., the resonance wavelength, the ex-
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tinction cross-section, and the ratio of scattering to 
absorption, on the nanoparticle dimensions. On the 
other hand, the effects of the particle environment on 
the SPR band are manifested by a red-shift of the re-
sonance wavelength with the increase of the refractive 
index of the surrounding medium. These effects have 
been used for sensor applications [10–12]. In addition, 
metal nanoparticles have also found application in 
many different fields such as biochemistry, photo-
graphy or catalysis [13–18].  
Thus far, a variety of synthetic methods has been 
reported for metallic nanoparticles synthesis [19–25]. 
One of the main challenges in the preparation of metal 
colloids is developing a way to obtain the nanoparticles 
in specific physicochemical environments, such as orga-
nic nonpolar liquids, specific regions within ordered 
surfactant phases and monolayer assemblies [26–28]. 
The understanding of the physicochemical properties 
of metal organosols is important to their potential use 
in future photonic applications [27, 29–35]. The silver 
organosols display several advantages over silver hyd-
rosols, such as the ability to be isolated and re-dis-
solved in solvents without irreversible aggregation, sta-
bility in air, and so forth. Attempts have been made to 
obtain nearly monodisperse Ag NPs in different nonpo-
lar solvents – chloroform, hexane, toluene, dichloro-
benzene, etc. In this study, we synthesized Ag NPs in 
water and then transferred them into organic solvents 
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by simple surface modification using oleylamine as 
surfactant. A capping agent (oleylamine) was used to 
protect the particles from aggregation. Theoretical and 
experimental aspects of the optical properties of Ag 
NPs in different solvents have been discussed. Special 
attention was paid to the correlation between nano-
particles environment and their optical properties. 
EXPERIMENTAL 
Materials 
Silver nitrate (AgNO3), sodium borohydride (NaBH4), 
oleylamine, chloroform, hexane, toluene, and 1,2-di-
chlorobenzene were purchased from Merck and used 
as received. Milli-Q deionized water was used for syn-
thesis. 
Preparation of silver sols 
Silver hydrosol was prepared by the reduction of 
silver ions using NaBH4, as described elsewhere [24,36]. 
Typically, 10 mg of NaBH4 was added into 250 ml of 
argon-saturated solution of 5×10–4 M AgNO3. Yellow 
silver hydrosol was formed immediately without any 
additional stabilizer. Due to hydrolysis of excess NaBH4, 
pH increased and reached value of 9.8. The silver hyd-
rosol was stable several hours in argon atmosphere. 
The transfer of Ag NPs from the hydrosol into or-
ganic phase (chloroform) was performed using oleyl-
amine as transfer agent. To do so, 250 ml of 5×10–4 M 
prepared hydrosol was mixed with 25 ml of chloroform 
containing 1.5×10–2 M oleylamine and stirred vigor-
ously. Two layers with a clean boundary in the bottle 
were observed. The bottom layer became yellow-
brownish while the upper aqueous layer became co-
lorless, evidently due to the transfer of Ag NPs from the 
aqueous phase to the organic phase. This can be con-
firmed from the photographs of Ag NPs in both aque-
ous and organic phases (see insets of Figures 1 and 3). 
Silver NPs in other organic solvents, beside chloroform, 
were prepared by evaporating chloroform from the 1 
ml of initial organosol and subsequent re-dispersion of 
the sediment into equal amount of hexane, toluene, 
and 1,2-dichlorobenzene. All prepared Ag organosols 
were stable for at least few months with no evident 
changing. 
Apparatus 
The size distributions of Ag NPs were determined 
using a Philips EM-400 transmission electron micro-
scope (TEM) operating at 100 kV. The samples were 
prepared by placing a drop of silver colloid onto a car-
bon-coated Cu grid, which was allowed to dry in air. 
Concentrations of the Ag NPs in water and chloroform 
used to prepare TEM samples were 0.054 and 0.54 
mg/ml, respectively.  
UV–Vis absorption spectra of the silver hydrosol 
and organosols were acquired by using a Termoscien-
tific Evolution 600 spectrophotometer at room tempe-
rature.  
RESULTS AND DISCUSSION 
The strong reducing agent (sodium borohydride) 
produced a sol containing silver particles, whose ave-
rage diameter was smaller than the wavelength of vi-
sible light. During chemical reduction of silver ions, sil-
ver atoms are formed, aggregating into nuclei of a new 
phase, which can grow and yield stable Ag NPs. An im-
portant role for the final particle distribution is played 
by agglomeration of very small, primarily formed par-
ticles. The shape and size distribution of prepared Ag 
NPs were examined by TEM and a representative image 
of silver hydrosol and its photograph are given in Figure 
1a. It can be seen that the NPs are mainly spherical and 
isolated. Although we did not use any stabilizing agents 
in the preparation procedure, the absence of 
aggregates in the sample can be attributed to the 
adsorption of −4B(OH)  on the surface of nanoparticles 
[36]. According to this, particle stability is achieved 
through the electrostatic repulsion between the nega-
tively charged Ag NPs. Based on TEM measurements, 
the corresponding particle size distribution is presented 
in Figure 1b. The particle sizes were between 4 and 7 
nm with an average diameter dav = 5.6 nm and poly-
dispersity 32%. Polydispersity represents the ratio 
between the full width at half maximum (FWHM) and 
average diameter of Ag NPs according to Figure 1b. 
The UV–Vis absorption spectrum of the initial Ag 
hydrosol (Figure 2a) shows intensive absorption of Ag 
NPs arising from the collective oscillations of the free 
conduction band electrons that are induced by the 
incident electromagnetic radiation. The yellow color of 
the hydrosol is a manifestation of narrow SPR band 
with maximum at around 389 nm. To model observed 
absorption spectra of silver colloids, we used Mie 
theory [9] for the calculation of the optical properties 
of Ag NPs. According to the theory, the extinction effi-
ciency Qext of a single small metallic sphere of radius r 
in a dielectric environment with dielectric constant εm 
is given by: 
( ) ( )( )ext 4 Im 2
m
m
Q x
ε λ ελ ε λ ε
 
− 
=  
+  
 (1) 
where mx krε= and k = 2π/λ. In the preceding re-
lation, ε(λ) stand for complex dielectric function of sil-
ver nanoparticles, which is in our study obtained using 
the Hao and Nordlander fit [37] of the Johnson and 
Christy experimental data for bulk silver [38] and after 
appropriate correction for small particle size according 
to Hovel et al. [39] (Figure 2b). Theoretical absorption 
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band for 5 nm Ag NPs in water (refractive index n = 
= 1.33) is given in Figure 2b. It can be seen that the 
main features of the experimental spectrum are repro-
duced by Mie theory. Furthermore, the theoretical 
band is positioned at 390 nm, which is in good agree-
ment with the experimental measurement. 
To achieve the phase transfer of Ag NPs from water 
into nonpolar organic solvents, it was necessary to use 
a surfactant that forms adsorption layer on the Ag NPs. 
The oleylamine was used as a capping agent, which 
enabled the phase transfer and prevented particle ag-
gregation, oxidation and degradation, as well as to 
render the particle surface hydrophobic. The oleyl-
amine-capped metal particles are actually kinetically 
rather than thermodynamically stabilized and their 
interactions are considered to be quite weak [40]. The 
Ag NPs in organic solvents were also characterized by 
TEM measurements. As an example, a typical TEM 
image of the Ag NPs in the chloroform is shown in Fi-
gure 3 (TEM images of other Ag organosols are not 
shown). The TEM image clearly indicates that transfer 
of Ag NPs to chloroform resulted in their spontaneous 
organization in two-dimensional (2D) close-packed ar-
rays, and has no influence on the particles morphology 
and size. This is a consequence of high concentration of 
silver particles in chloroform and low polydispersity of 
the system. Based on TEM investigations, the average 
diameter of the Ag NPs after phase transfer was 6.5 nm 
(histogram, Figure 3).  
In addition, the oleylamine-capped Ag NPs were ef-
fectively transferred in a similar fashion to other orga-
nic solvents, such as hexane, toluene and 1,2-dichloro-
 
Figure 1. Typical TEM image of Ag NPs with photograph of Ag hydrosol (a) and corresponding particle size distribution (PSD) (b). 
 
Figure 2. Experimental (solid black line, a) and theoretical (dashed red line, b) UV–Vis absorption spectra of Ag NPs. 
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benzene, and the UV–Vis spectra of all organosols are 
presented in Figure 4 (experimental curves). In all 
cases, the spectra show that the organosols exhibit 
intensive and narrow absorption bands, which indicates 
that there was no aggregation of the particles upon the 
phase transfer. The obtained narrow half-width of the 
SPR band also implies that prepared Ag NPs are highly 
uniform. This conclusion can be further supported by 
calculating the extinction efficiencies of the obtained 
organosols (Eq. (1)) since Mie theory describes absorp-
tion behavior of non-interacting spherical nanoparti-
cles. As can be seen in Figure 4 (red lines), the theo-
retical spectra of silver organosols show good agree-
ment to those obtained experimentally. 
On the other hand, the only difference that can be 
observed between absorption spectra of the Ag nano-
 
Figure 3. TEM Image of Ag NPs in chloroform and its photograph (a) with corresponding particle size distribution (b). 
 
Figure 4. Comparison of experimental (solid black line) and theoretical (dashed red line) UV-Vis absorption spectra of Ag NPs in 
hexane (a), chloroform (b), toluene (c), and 1,2-dichlorobenzene (d).
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particles in water and organic solvents is that the peak 
position of the surface plasmon resonance of Ag orga-
nosols is red shifted in comparison to the absorption 
spectra obtained for Ag hydrosol. This is a consequence 
of the different nanoparticles environments (i.e., sol-
vents). These particular solvents were chosen because 
of the distinctive difference in their refractive index. 
Namely, according to Drude theory [41], dielectric 
constant of the surrounding medium exclusively de-
termines the plasmon peak position. Therefore, by 
changing the environment in which nanoparticles are 
dispersed we can alter their resonant absorption. In 
other words, by controlling the dielectric constant of 
the surrounding medium we can predict the wave-
length of the SPR band, which can be used for optical 
applications of these nanoparticles. The process of sol-
vent change from water to nonpolar solvents should 
lead to a red shift of the plasmon band, due to the 
higher refractive index of these solvents with respect to 
that of water. As an example, the SPR band of Ag NPs in 
chloroform (peak position at 410 nm) is red-shifted for 
about 21 nm compared to the position of plasmon 
band of the Ag hydrosol. The details of the maximum 
peak position and refractive index of used solvents are 
summarized in Table 1. 
Table 1. Experimentally obtained and calculated absorption 
maximum λmax of Ag NPs in different solvents of varying 
refractive index n 
Solvent 
λmax / nm n 
Experimental Theoretical 
Water 389 390 1.333 
Hexane 406 394 1.375 
Chloroform 410 402 1.445 
Toluene 417 402 1.497 
1,2-Dichlorobenzene 418 417 1.551 
Thus far, the theoretical calculation of Ag NPs 
absorption bands employed experimental values of the 
dielectric constants of Ag taken from [38]. To analyze 
the changes in SPR position further we can use Drude 
equation for the dielectric function of Ag NPs given by: 
( )
2
2
p
i
ωε ω ε ω ωΓ∞= − +  (2) 
since this equation describes absorption behavior well 
in the vicinity of the peak position. In the equation 2, ε∞ 
represents the contribution of the vacuum and inter-
band electronic transitions, ωp is the bulk plasmon fre-
quency, and: 
F
0 A
v
r
Γ Γ= +  (3) 
is the size dependent damping frequency, Γ0 is the bulk 
damping frequency, vF Fermi velocity, and A is the 
theory dependent parameter that includes details of 
scattering process. By introducing Eq. (2) into the Eq. 
(1) for extinction efficiency, one can obtain following 
relation for the surface plasmon peak position: 
2 2c m
p
cπλ ε εω ∞= +  (4) 
It can be seen that the λc values depend solely on 
εm, since ε∞ and ωp are assumed constant for a given 
metal. Note that the refractive index of the medium is 
directly related to its dielectric constant (εm = n2). 
The SPR positions as a function of dielectric cons-
tant estimated from the absorption bands of the pre-
pared colloids, as well as those obtained using Mie 
theory are given in Figure 5a. It can be seen that the λc 
values increase with the increase of the εm as predicted 
by Eq. (4) (black line in the Figure 5a). The λc(εm) de-
pendence (Eq. (4)) was determined using the following 
parameters for silver: ωp = 9.5 eV, Γ0 = 0.1 eV, ε∞ = 5, 
vF = 1.4×10
6 m/s and A = 1 [42]. One can notice that for 
given εm, the λc values of the experimental and theo-
retical curves are somewhat higher than those ob-
tained using Eq. (4). The reason for these differences is 
the underestimated ε∞, and to demonstrate that we 
fitted our experimental and theoretical data with the 
function: 
( ) ( )
2
' 2
2
c p
m mF c
λ ωε ε επ
 
= = +  
 (5) 
in which the proper ε´ values are determined for the 
dielectric constant of silver at high frequencies. The 
results of this analysis are given in Figure 5b and F(εm) 
fits yield ε´ = 5.7 and ε´ = 5.3 for the experimental and 
theoretical data, respectively. It is important to note 
that theoretical curves were obtained using experimen-
tal data for the calculation of dielectric function of Ag 
NPs. Therefore, for the a priori estimation of Ag NPs 
peak position in organic solvents by Eq. (4) we suggest 
that it would be more accurate to use higher value for 
the dielectric constant of silver at high frequencies 
(ε∞ = 5.5±0.2). Bearing in mind that ε∞ = 1 + χ, where χ 
represents the contribution of the interband transi-
tions, one can conclude that inner electrons influence 
the absorption behavior of silver nanoparticles in or-
ganic solvents. However, the difference between the 
Drude model predicted and experimental peak posi-
tions cannot be attributed solely to this effect, since 
additional processes in silver organosols can occur, 
such as charge transfer between the nanoparticles sur-
face and solvent molecules, which result in lowering of 
the plasmon frequency value ωp [43]. 
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CONCLUSION 
A simple method of phase transfer Ag NPs with 
narrow size distribution from water to nonpolar organic 
solvents is described. The oleylamine served as both a 
transfer and a surface capping agent. The so prepared 
hydrophobic nanoparticles were stable and readily re-
dispersable in a variety of nonpolar solvents. From the 
UV-Vis absorption spectra and TEM images, we con-
firmed that there were no shape and size changes of 
the nanoparticles upon transfer to the organic phase. 
Theoretical bands, calculated by Mie theory using ex-
perimental data for the calculation of dielectric func-
tion of Ag NPs, confirmed experimentally gained red-
shift of SPR band, after the phase transfer due to the 
increase in dielectric constant of the particles environ-
ment. The slight disagreement between experimental 
and theoretical curves obtained by Drude relation for 
the SPR peak position is attributed to underestimated 
value for the dielectric constant of silver at high fre-
quencies. Therefore, after fitting experimental and 
theoretical data for estimation of Ag NPs peak position 
in organic solvent we concluded that it would be more 
appropriate to use higher value for the dielectric cons-
tant of silver at high frequencies ε∞ = 5.5±0.2.  
The curves obtained in this way may be used to 
characterize the Ag NPs in different media. Further-
more, this method of phase transfer can also be ap-
plied for efficient transfer of other metal nanoparticles, 
such as Au and Cu, to various nonpolar organic sol-
vents. The advantages of such organosols can be found 
in the applications of metal particles as catalysts and 
open the possibility for their interaction with polymers 
or organic dyes to obtain composites for fundamental 
optical studies and applications.  
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IZVOD 
REZONANCE POVRŠINSKIH PLAZMONA ORGANOSOLA SREBRA: EKSPERIMENTALNA I TEORIJSKA ISPITIVANJA 
Ivana Vukoje1, Dušan Božanić1, Jasna Džunuzović2, Una Bogdanović1, Vesna Vodnik1 
1Univerzitet u Beogradu, Institut za nuklearne nauke „Vinča“, Beograd, Srbija 
2Univerzitet u Beogradu, Institut za hemiju, tehnologiju i metalurgiju (ICTM) – Centar za hemiju, Beograd, Srbija 
(Naučni rad) 
Cilj ovog rada je eksperimentalno i teorijsko ispitivanje i upoređivanje pro-
mena površinskih plazmona nanočestica srebra u vodi i organskim rastvaračima.
Nanočestice srebra prečnika 5±1,5 nm sintetisane su u vodi redukcijom srebro 
nitrata pomoću natrijum borhidrida. Nakon toga, nanočestice su prebačene u raz-
ličite organske rastvarače (hloroform, heksan, toluen i 1,2-dihlorbenzen) pomoću 
oleilamina. Upotrebljeni rastvarači izabrani su na osnovu razlike u indeksima pre-
lamanja. Na osnovu UV–Vis apsorpcione spektrofotometrije i transmisione elek-
tronske mikroskopije (TEM) potvrđeno je da nema promena u obliku i veličini čes-
tica nakon transfera u organske rastvarače. Apsorpcioni spektri nanočestica sre-
bra u različitim rastvaračima pokazuju promene u položaju površinskih plazmona
na osnovu razlike u dielektričnim karakteristikama upotrebljenih rastvarača. Za 
analizu ovih promena eksperimentalni apsorpcioni spektri su modelovani pomoću
Mie teorije za male sferne čestice. Eksperimentalne i teorijske vrednosti položaja
površinskih plazmona nanočestica srebra upoređivane su sa Drude teorijom i dis-
kutovana su ograničenja primene same teorije na ponašanja nanočestica srebra u
organskim rastvaračima. 
  Ključne reči: Nanočestice srebra • Orga-
nosol • Mie teorija • Drude model 
 
